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Abstract.
Ultraluminous X-ray sources (ULXs) have been an enigma since their discovery. ASCA
showed that they are accreting black holes with unknown mass, while Chandra & XMM
data shows that many of the lower luminosity ULXs can be explained by extreme accretion
onto stellar remnant black holes. The discovery of hyperluminous X-ray sources has led
to speculation that we may, once again, have found the elusive intermediate mass black
holes, yet in the last year, a third sub-class of extreme ULXs has emerged, with their nature,
as yet, unknown. Here we define and discuss the sub-classes of these fascinating systems,
exploring possible explanations for their nature, and indicating possible future steps in their
analysis.
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1. Introduction
For more than 30 years, bright (LX ∼> 1039
erg s−1), extra-galactic, non-nuclear X-ray
point sources have been studied in an effort
to explore their nature. They are known to be
black holes, but their luminosities preclude the
possibility of stellar mass black holes (sMBHs;
3 ∼< MBH ∼< 20M⊙) accreting isotropically be-
low the Eddington limit, while their positions
within their host galaxies - along with dynam-
ical friction arguments also rule out super-
massive black holes (SMBHs; MBH ∼> 106M⊙)
as a possible source of emission.
The simplest explanation is that they con-
tain intermediate mass black holes (IMBHs;
∼ 102 ∼< MBH ∼< 10
5M⊙; e.g., Colbert
& Mushotzky 1999) accreting in a known,
sub-Eddington, accretion state. IMBHs would
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provide a missing link in the mass-scaling
of black holes, and are of great cosmologi-
cal importance, e.g. as the building blocks of
SMBHs (Volonteri 2010), whose mass would
subsequently build up through accretion of gas
(e.g. Yu & Tremaine 2002), and/or hierarchi-
cal black hole mergers (e.g. Schneider et al.
2002). As a result, they would also have signif-
icant implications on our understanding of the
formation/evolution of their host galaxies (e.g.
Madau & Rees 2001; Ebisuzaki et al. 2001).
The alternative is that we are observing
massive stellar-remnant black holes (MsBHs;
20 ∼< MBH ∼< 100M⊙; Feng & Soria 2011)
that are either breaking (e.g. Begelman 2002)
or circumventing (e.g. via geometric beam-
ing, King et al. 2001, and/or relativistic beam-
ing, Ko¨rding et al. 2002) their Eddington limit.
Such massive objects are still formed as the
end product of a single, current-generation star,
however, the metallicity of their environment
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Table 1. The sub-classes of ultraluminous X-ray sources
Sub-class Abbreviation Luminosity range
(erg s−1)
standard or low luminosity sULXs ∼ 1039 to ∼ 2 × 1040
ultraluminous X-ray sources
extreme ultraluminous X-ray sources eULXs ∼ 2 × 1040 to ∼ 1041
hyperluminous X-ray sources HLXs
∼
> 1041
must be much lower than solar (e.g. Fryer &
Kalogera 2001). If these sources are breaking
the Eddington limit, they would be the most ex-
treme accretors in the local universe, requiring
new accretion physics which provides possible
clues for understanding the rapid build-up of
the first quasars.
In this paper, we discuss the nature of these
objects, and how observations of ULXs have
challenged our understanding of black holes
and accretion physics. We show how recent
findings have led to subdivision of ULXs, and
explain the current consensus about their na-
ture.
2. The sub-classes of ULXs
In an effort to understand these sources, much
work has gone into the study of ULXs. Many
ULXs emit in the ∼1039 to ∼2×1040 erg s−1
range, with research showing that many appear
to be sMBHs and MsBHs accreting at or above
the Eddington limit. In 2004, a new sub-class
was formed, termed the hyperluminous X-ray
sources (HLXs; e.g. Matsumoto et al. 2004),
that are thought to be amongst the strongest
IMBH candidates. In the last year a third group
has emerged, the new extreme ULXs, with the
nature of these sources still appearing very un-
certain. Each of these sub-classes are defined
in Table 1.
2.1. Standard or low-luminosity ULXs
These sources emit in the range of ∼ 1039 to ∼
2× 1040 erg s−1, and have been heavily studied
in multiple wavebands.
2.1.1. X-ray analysis of standard ULXs
Early X-ray spectral studies showed that
sULXs were well fit by a cool disc (∼ 0.2 keV)
plus power-law, where the fit implied the pres-
ence of a ∼ 2 × 104M⊙ black hole (an IMBH;
Miller et al. 2003). However, subsequent re-
analysis detected a break in the power-law con-
tinuum at ∼ few keV - a feature not seen in the
standard sub-Eddington states (Stobbart et al.
2006; Gladstone et al. 2009). As a result, this
combination of both a soft excess (modelled by
a cool disc) and a spectral break above ∼ 3 kev
have become the criteria for the new ultralumi-
nous state (Gladstone et al. 2009).
Temporal studies of sULXs show that large
scale (up to ∼ order of magnitude) variabil-
ity is present on timescales of days/weeks
(e.g. NGC 5204 X-1, Roberts et al. 2006)
to years (e.g. ULX population of NGC 4485
& 4490, Gladstone & Roberts 2009). Intra-
observational analysis reveals that sULXs have
suppressed short-term variability, with many
showing levels an order of magnitude lower
than typical for sMBHs and AGNs (Heil et al.
2009). This is consistent with the picture put
forward by Middleton et al (2011a), in which
the ULXs are dominated by disc emission (al-
beit not fully-thermalised in many cases), or
a large photosphere in the 0.5-10.0 keV band-
pass.
X-ray analyses seem to be pointing to-
wards a population of sMBHs & MsBHs ac-
creting at or above their Eddington limit.
However, two objects (M82 X42.3+59 & NGC
5408 X-1) show quasi-periodic oscillations
(QPOs). M82 X42.3+59 has been observed
over ∼7 yrs, showing only a ∼factor 2 vari-
ation in flux, with a 3-4 mHz QPO during
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its brightest observation (Feng et al. 2010).
By applying a mass scaling, the authors found
MBH ∼12,000-43,000 M⊙. NGC 5408 X-1 also
shows little long-term variability, with intra-
observational studies revealing a 10-40 mHz
QPO (e.g. Strohmayer et al. 2007). Dheeraj &
Strohmayer (2012) combined this with spectral
and timing analysis to find MBH ∼800 M⊙ (see
Middleton et al. 2011 for alternative interpre-
tation). Each of these sources emit at ∼ 1040
erg s−1, and so are close to the eULXs class,
and could belong to a different population of
sources harbouring IMBHs. The alternative is
that we are observing MsBHs at a different in-
clination, with the presence of a wind and/or
different accretion state. These sources require
further study in order to (a) confirm the nature
of the QPO, and (b) determine the physical ori-
gin of their features in order to explain their
difference from the rest of the sULX popula-
tion.
By considering the near-by sULX popula-
tion s a whole, Grimm et al. (2003) constructed
an X-ray luminosity function (XLF) for the lo-
cal universe, finding an unbroken luminosity
function connecting sULXs to the standard X-
ray binary population. Recent work by Swartz
et al. (2011) confirmed this and the presence of
a break in the XLF of high mass X-ray binaries
(HMXBs) at ∼ 2 × 1040 erg s−1, providing the
upper limit for this new sub-class.
2.1.2. Optical follow-up of standard
ULXs
These sULXs are found preferentially in ac-
tively star-forming galaxies (Kaaret 2005),
starburst, interacting/merging and dwarf galax-
ies (Swartz et al. 2008), with low metallicities
(Pakull & Mirioni 2002; Zampieri & Roberts
2009); environments suitable for HMXBs and
the formation of MsBHs.
Potential stellar companions of sULXs
tend to be blue (mV ∼ 20 – 26; Roberts et al.
2008; Gladstone et al. 2013), suggesting O or
B type stars, yet we must also consider pos-
sible contamination from the irradiated accre-
tion disc/stellar surface (e.g. Copperwheat et
al. 2005; Madhusudhan et al. 2008). By ac-
counting for the accretion disc, Gladstone et
al. (2013) were able to impose inclination-
dependent upper and/or lower limits on the
black hole’s mass for 7 sULXs. O stars could
be ruled out in 10 of the 18 cases tested, while
B stars were possible in all scenarios.
Spectroscopic follow-up has provided a
blue, almost featureless spectrum (e.g. NGC
1313 X-2 & Ho IX X-1, Roberts et al. 2011;
NGC 5408 X-1, Kaaret & Corbel 2009). This
suggests the light is non-stellar in origin, and
may be dominated by the accretion disc. Initial
results from multi-epoch spectra of two sULXs
(NGC 1313 X-2 & Ho IX X-1) detected radial
velocity variations; however, they may not be
sinusoidal (Roberts et al. 2011). Further anal-
ysis, using stacked spectra shows that the Heii
emission, used for this study, are slightly ex-
tended, implying that a nebular component is
present (e.g. Ho IX X-1, Moon et al 2011;
NGC 5408 X-1, Grise´ et al. 2012). With cur-
rent data, we are unable to statistically sepa-
rate these features. Therefore, we must search
for alternative stellar features in the optical and
near infrared (NIR) to settle the debate on the
masses of these black holes (Gladstone et al. in
prep).
2.2. Hyperluminous X-ray sources
Combining MsBHs with maximal super-
Eddington radiation can explain ULXs with LX
up to ∼ 1041 erg/s, but not beyond. However,
some exhibit luminosities above this - HLXs.
They require exotic scenarios; e.g. stripped nu-
clei of dwarf galaxies (Bellovary et al. 2010),
recently recoiled SMBHs (Jonker et al. 2010),
tidal disruption events by SMBHs (Jonker et
al. 2012). Similarly, IMBH X-ray binaries re-
main an intriguing possibility. With only two
HLXs confirmed to date, and few other candi-
dates having been identified, this is an avenue
open to many future studies.
2.2.1. M82 X-1
The first confirmed HLX is also the nearest,
and was detected by some of the earliest X-ray
satellite missions (Uhuru, Forman et al. 1978;
HEAO 1, Piccinotti et al. 1982). M82 X-1 re-
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sides in a galaxy highly active in X-rays, pos-
sibly due to a burst of star formation ∼107-
109 yrs ago (Collura et al. 1994). Portegies
Zwart et al. (2004) suggested that it was lo-
cated in a young stellar cluster, however re-
analysis showed that it is actually offset by 0.65
arcseconds from the cluster (Voss et al. 2011).
X-ray spectral and timing analysis sug-
gested M ∼ 1000M⊙ (Fiorito & Titarchuk
2004), with a spectral evolution that is differ-
ent from other ULXs (Matsumoto et al 2004).
An apparent transition from the low hard state
to the high soft state was observed by Feng
& Kaaret (2010). Combined with limits from
radio & infrared observations, this indicates a
black hole mass range of 9 × 104 − 5 × 105
(Yuan et al. 2007; however alternatives have
been suggested, e.g. Okajima et al. 2006).
This apparent divergence from lower luminos-
ity ULXs is strengthened by the presence of
short term variability (Tsuru et al. 2004), with
intra-observational analysis revealing a 50-100
mHz QPO (Strohmayer & Mushotzky 2003),
along with a break in the PSD at ∼ 34 mHz
(Dewangan et al. 2006). Variability was also
observed on longer timescales, with a 62 day
periodicity suggested to be the orbital period of
the binary (Kaaret et al. 2006; Kaaret & Feng
2007).
2.2.2. ESO 243-49 HLX-1
This object is the brightest of the HLXs, peak-
ing at ∼ 1042 erg s−1. ESO 243-49 HLX-1
displays large scale (approximately order of
magnitude) long-term variability, with a peri-
odic (∼370 d; Servillat et al. 2011) outburst-
ing cycle thought to be triggered by a com-
panion in a highly eccentric orbit (Lasota et al.
2011). During these outbursts the spectrum ap-
pears to change from a more power-law like
slope to a more thermal shape, with the au-
thors proposing a sub-Eddington state transi-
tion (Servillat et al. 2011). Hardness-intensity
diagrams, showing the spectral evolution of
this source, also echo those seen in Galactic
systems at sub-Eddington rates (Farrell et al.
2011; Servillat et al. 2011). ESO 243-49 HLX-
1 has a unique optical counterpart (Soria et al.
2010), observed at different stages of its 2010
outburst. HST data was taken ∼1 month af-
ter the peak (Farrell et al. 2012), while VLT
data was taken ∼2 months later (Soria et al.
2012). Farrell et al. (2012) found a blue spec-
tral distribution, with no evidence of a Balmer
break, with concurrent optical & X-ray fitting
giving a preference for a younger stellar popu-
lation. Soria et al. (2012) reported a drop of ∼1
mag in each optical band, while the X-ray flux
dropped by a factor ∼2. This drop appeared to
confirm the presence of multiple optical emis-
sion components; a (non-variable) population
of stars, the outer region of an accretion disc,
and/or an exceptionally luminous donor star.
This suggests that any stellar cluster light is
not dominant at outburst maximum, while fit-
ting suggests the requirement for an irradiated
disc during these bright periods. However, ad-
ditional studies are required to both confirm the
drop and decipher the optical components.
2.2.3. Others in this class
Sutton et al. (2012) identified three addi-
tional candidates that also displayed spec-
tra and long-term variability more similar
to sub-Eddington states, suggesting the pres-
ence of IMBHs. One has also been ob-
served in the Cartwheel galaxy (N10, Pizzolato
et al. 2010) and another is labelled CXO
J122518.6+144545 (Jonker et al. 2010). Much
additional work needs to be done to both con-
firm that these sources are HLXs, and to ex-
plore their nature, while more of these objects
should be identified if we are to statistically ex-
ploit this new sub-class of objects.
2.3. Extreme ultralumious X-ray sources
This third sub-class of ULXs has only emerged
in recent months. These are objects with X-ray
luminosities of ∼2×1040− ∼1041 erg s−1. The
range arose from a combination of the break
in the XLF in our local universe and the limits
on extreme MsBH accretors, leaving the few
sources between these two limits to be classi-
fied as eULXs.
Sutton et al. (2012) found that the X-ray
spectral and temporal analysis of eULXs re-
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vealed a marked divergence from sULXs. eU-
LXs are typically harder, with an absorbed
Γ ∼ 1.7 (in contrast, ULXs in Gladstone et al.
(2009) and Berghea et al. (2008) show Γ ∼> 2
below 1040 erg s−1). While more investigations
are required to explore this new class of ob-
jects, two of the sample are discussed below.
2.3.1. NGC 1042 ULX
NGC 1042 ULX was first discussed in Sutton
et al. (2012), where the X-ray spectral anal-
ysis revealed a power-law like spectrum with
Γ ∼1.5, and temporal studies revealed the pres-
ence of short-term variability. This combina-
tion is more comparable to the low hard state,
than the ultraluminous state. As a result this
may be another candidate IMBH.
2.3.2. NGC 5907 ULX
This source was first catalogued by Walton et
al. (2011) as a potential ULX, with followup
revealing that it lies in the eULX range. NGC
5907 ULX was reported and discussed further
in Sutton et al. (2012; 2013), with X-ray spec-
tral analysis revealing the presence of a possi-
ble break in the energy spectrum above∼3 keV,
a feature indicative of the ultraluminous state,
while timing studies showed large-scale vari-
ability of up to ∼ an order of magnitude. This
combination is more indicative of the sULXs
than the HLXs; as a result, it has been sug-
gested that this source may be a combination
of the extreme end of the MsBH regime with
possible super-Eddington accretion. In order to
confirm this, further X-ray analysis is required
along with multi-wavelength follow-up to con-
firm its distance, luminosity, spectral evolution
& companion type.
3. Summary
The study of ULXs began in the late ’70s, and
since that time, much has been learned about
these fascinating objects, and yet, as with many
other fields of research, many more questions
still stand unanswered. In this paper, we have
tried to briefly review our current knowledge,
while exploring the new sub-classes that have
emerged.
It is thought that the majority of the
standard or low luminosity ULXs are either
sMBHs or MsBHs that are accreting at or
above the Eddington limit, but this theory has
yet to be confirmed by direct mass measure-
ments. Optical studies with the current and
next generation of telescopes will allow us to
test this theory, while providing greater con-
straints on their companions. Advancements in
X-ray telescopes have opened up other avenues
of study, presenting an opportunity to test ideas
on their accretion geometry.
Hyperluminous X-ray sources are thought
to be amongst the strongest candidates for
IMBHs, and yet only two of these objects have
been confirmed to date.
Extreme ULXs are the newest sub-class of
these sources, and the group for which the least
is known, yet it seems as though they may be
a combination of the lower luminosity IMBHs
and the most extreme MsBHs in our universe.
For both eULXs and HLXs, more can-
didates must be identified and confirmed to
achieve a greater understanding of these sub-
classes. X-ray surveys are required to iden-
tify additional candidates and perform statis-
tical analysis on such a sample, while multi-
wavelength analyses can be used to explore
their nature in much the same way as for the
sULXs.
As we look towards the next 50 years of
X-ray astronomy, we find that there are still a
large number of questions surrounding each of
these new sub-classes, and much still to dis-
cover.
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